ABSTRACT erythro-9-[3-(2-Hydroxynonyl)Jadenine (EHNA) has been reported previously to be an agent that arrests sperm motility by inhibiting the axonemal dynein ATPase activity and has been used to probe the involvement of putative cytoplasmic dyneins in mitosis and intracellular organelle transport. We report here that EHNA profoundly and reversibly affects several actin-dependent processes, both in vivo and in vitro. It induces dramatic changes in actin organization in cultured cells, inhibits cell translocation, blocks actin-dependent cytoplasmic streaming, interferes with actin-dependent gelation of cytoplasmic extracts, and inhibits actin assembly. Just as the cytochalasins, -EHNA appears to be a highly effective inhibitor of actin-based motility, whose effects in complex biological systems should be interpreted with caution.
Analysis of the function of cytoskeletal components greatly profits from the use of specific inhibitors. Prime examples include colchicine, which depolymerizes microtubules and inhibits their assembly, and the cytochalasins, which decrease the rate of actin assembly and interfere with actin network formation. Such inhibitors, of which colchicine and cytochalasin are just two of the most widely known, have become invaluable tools in research on cell motility. Recently, an inhibitor of dynein ATPase activity, erythro-9-[3-(2-hydroxynonyl)]adenine (EHNA), became available, which, unlike vanadate, another potent dynein inhibitor (1) , can easily cross the cell membrane and thus can be applied to living cells (2) . Its potential usefulness in the search for "cytoplasmic" dyneins involved in motility phenomena, such as intracellular transport, was immediately realized. Thus, in addition to its use in the study of the properties of ciliary and flagellar dynein (2, 3) , EHNA has been employed as a probe for the possible involvement of dynein-like ATPases in chromosome movement in mitosis (4), particle transport in chromatophores (5, 6) , and organelle movements along axons (7, 8) . Inhibition of these forms of motility by EHNA has been taken as an indication for the involvement of a cytoplasmic, possibly microtubule-associated, dynein ATPase activity.
In the course of studies on intracellular organelle movements using EHNA, we noted effects of this compound apparently unrelated to a possible action on dynein-like molecules. Here we report that EHNA interferes with the functional organization of actin in vivo and in vitro. It profoundly affects actin filament organization in cultured cells, reversibly interferes with actin-dependent forms of motility, and inhibits gel formation of cytoplasmic extracts and actin assembly in vitro. Next to the cytochalasins, it is probably one of the most effective inhibitors of actin-based motility.
MATERIALS AND METHODS Cells. African green monkey kidney cells (strain BSC-1) were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (GIBCO). For experiments, cells were seeded on coverslips and were used in the exponential growth phase. Mouse 3T3 cells were grown in the same medium and were passaged every 3 days. Primary cultures of fish epidermal cells were obtained as follows: scales removed from the flanks of Midas cichlids or angelfish were incubated with collagenase (Worthington) in Ringer's solution for 20-40 min and the epidermal cell layer was peeled off. These pieces of skin tissue were then allowed to attach to coverslips in the presence of Ringer's solution supplemented with 20% amphibian culture medium (GIBCO). Within 30-60 min, cells emigrate from the explant. Such cultures can be kept for several days; for the experiments described here, cells were used within 2-5 hr of explantation. Nitella was obtained from Carolina Biological (Burlington, NC) and was kept in pond water under a 12-hr light/dark regime. For experiments, several internodal cells were removed from the stock culture and were placed in 35-mm plastic Petri dishes, where the cells were allowed to equilibrate for 1-2 hr in the presence of pond water supplemented with 0.2% dimethyl sulfoxide. The rate of streaming was determined with a Zeiss laboratory microscope using an ocular micrometer.
Cytoplasmic Extracts. High-speed cytoplasmic extracts (HSE) from Xenopus laevis eggs were prepared essentially as described (9) . Mature, ovulated, dejellied eggs were first washed with a medium of 250 mM sucrose/200 mM NaCl/35 mM imidazole chloride/4 mM EGTA/2 mM MgCl2/1 mM dithiothreitol/0.5 mM benzamine*HCl/0.3 mM phenylmethylsulfonyl fluoride, pH 6.5. Washed eggs were packed by centrifugation at 300 x g for 5 min, supernatant medium was removed, and the packed eggs were then centrifuged at 12,000 x g for 45 min. This disrupts the eggs and stratifies their contents. The middle viscous layer was removed and centrifuged twice at 150,000 x g for 3 hr. The resultant clear supernatant is the HSE. All procedures were carried out at 2-4°C. Waves of gelation and contraction of USE, prepared in the presence of phosphatase inhibitors, were monitored by time-lapse video recording in cuvettes containing 0.2 ml of extract (9) .
For determination of viscosity, extracts were diluted 1:2 at 4°C in 250 mM sucrose/100 mM NaCl/20 mM imidazole chloride, pH 7.0/0.5 mM dithiothreitol. Dimethyl sulfoxide, EHNA, cytochalasin B, or adenosine was added to this diluted extract just prior to warming. Viscosity was measured at 25°C in a falling-ball apparatus according to MacLeanFletcher and Pollard (10) . (Fig. ld) . Because EHNA also is a potent inhibitor of protein carboxymethylation (13, 14) , two other such inhibitors, adenosine (2 mM) and cycloleucine (10 mM), were also employed and were found not to induce significant changes in actin organization of cultured cells (Fig. la) . Hence, EHNA does not cause actin disassembly by inhibiting protein carboxymethylation. The effects induced by EHNA were fully reversible within 90-120 min (Fig. le) .
To test whether EHNA interferes with cell movement, fish epidermal cells in culture were used. These cells move by virtue of actin-containing lamellipodia at speeds of up to 1 gum/sec (15) . The lamellae contain a highly ordered arrangement of actin filaments but are free of microtubules, intermediate filaments, and other major cellular components, including the nucleus, mitochondria, and endoplasmic reticulum, which all are concentrated in the bulbous cell body at (15) . Lamellae are extremely susceptible to the action of cytochalasins, being withdrawn within a few seconds of their exposure to the agent (not shown). Thus, they may serve as an excellent model system to study the action of actin-perturbing agents in vivo. Addition of 1-2 mM EHNA to fish epidermal cells induced lamellar retraction within a few seconds, frequently causing the lamellae to tear away from the cell body (Fig. 2) . Lamellar withdrawal was followed by cell rounding and extension of bleb-like flaccid protrusions. This state was maintained as long as the agent was present. Upon removal of the agent by washing, re-extension of lamellae was initiated within 1 min (Fig. 2 f-h ). Full lamellar extension was achieved within 3-5 min, at which time normal cell locomotion resumed. The extent and time course of EHNA-induced changes in lamellar organization and function are concentration-dependent, being maximal at 2 mM; 0.2-0.4 mM constitute threshold concentrations at which lamellae are visibly affected (they "shrink" and undergo convulsions) but remain more or less extended.
Another cellular phenomenon known to require the integrity of actin filaments is rotational streaming in the green alga Nitella. In internodal cells, endoplasm streams unidirectionally at rates of 30-100 num/sec along bundles of actin filaments anchored in the stationary ectoplasm (16, 17) . To test whether EHNA influences this actin-dependent intracellular transport system, internodal cells were exposed to 1 mM EHNA (Fig. 3) . Within about 5 min of addition of EHNA, streaming gradually slowed down until, at 15 min, movement ceased in most of the cells (14 of 18 in our experiments). Streaming fully recovered within 15-20 min after EHNA was removed; streaming resumed very slowly after about 3 min and gradually accelerated until normal rates of movement were achieved.
To test whether EHNA inhibits actin-dependent processes in vitro, we studied cytoplasmic extracts of X. laevis eggs (9) . These extracts will gel when warmed to room temperature and slowly contract over a period of [8] [9] [10] [11] [12] hr. EHNA was found to inhibit gel formation completely at concentrations of 1 and 2 mM, as determined by falling-ball viscometry (10) (Fig. 4) . In the presence of 0.5 or 0.25 mM EHNA, gelation was delayed and the apparent viscosity of the resultant gel was reduced. These effects were similar to those produced by 0.01 and 0.05 p.M cytochalasin B. Adenosine at 2 mM had no effect.
Extracts stained with rhodamine-phalloidin to visualize filamentous actin showed a network of long fibers in an apparently random orientation in control preparations (Fig.  5a ). If samples of the same extracts were prepared with 1 mM EHNA added just prior to warming, no such network formed, and the fluorescent image showed mostly punctate staining and only a few filamentous strands (Fig. 5b) . Thus, EHNA disrupts the organization of F-actin in these extracts.
When extracts are prepared under conditions that increase protein phosphorylation, including that of myosin light chains, gel contraction is accelerated and several additional gels form and contract (9) . In the presence of 1 or 2 mM EHNA, however, no waves are initiated. This would be expected since at these concentrations of EHNA, gelation is completely inhibited, and formation of a gel is a prerequisite for subsequent contraction. EHNA at 0.25 and 0.5 mM reduces the number of waves by >50%o by increasing the duration of contraction of each gel formed (not shown). This suggests that contraction per se is not inhibited, in accordance with the observation that myosin ATPase activity is not impaired by EHNA (3). To determine whether EHNA influences actin polymerization in vitro, we employed high-shear Ostwald viscometry to follow the time course of assembly of "conventional" (i.e., not gel-filtered) chicken skeletal muscle actin (18) . EHNA inhibited actin assembly in a concentration-dependent manner (Fig. 6) Proc. Nati. Acad. Sci. USA 81 (1984) lymerized in the absence of the compound when added after polymerization. Actin was allowed to assemble in the presence of 1 mM ATP in a test tube and EHNA (1 or 2 mM) or 0.2% dimethyl sulfoxide was added to the assembled actin and gently mixed. The mixture was then introduced into an Ostwald viscometer. EHNA, but not dimethyl sulfoxide, reduced the viscosity of the F-actin solution, which, however, did not decline to the same level as that obtained with comparable mixtures to which EHNA had been added prior to actin assembly (Fig. 7) .
The ATP analog EHNA was first described as an inhibitor of protein carboxymethylation (13) and was later shown to arrest the motility of spermatozoa due to an inhibition of the axonemal dynein ATPase activity (2) . EHNA is a relatively specific inhibitor of this ATPase, with little effect on several other ATP-metabolizing enzymes (3) . In particular, myosin ATPase activity is not only unaffected but even slightly enhanced by EHNA. This relatively high degree of specificity led to the suggestion that EHNA could be used as a probe for the putative participation of cytoplasmic dyneins in several forms of cytoplasmic motility. Indeed, subsequent studies showed that EHNA blocks certain forms of microtubulebased motility (4) (5) (6) (7) (8) . These observations were taken as indirect evidence for the involvement of a cytoplasmic dyneinlike ATPase.
The results reported here provide evidence that EHNA is also an effective inhibitor of actin-dependent cellular processes, affecting both the organization ( 
